Interferon-stimulated gene 15 (ISG15), an antagonist of the ubiquitin pathway, is elevated in cells and brain tissues obtained from ataxia telangiectasia (A-T) patients. Previous studies reveal that an elevated ISG15 pathway inhibits ubiquitin-dependent protein degradation, leading to activation of basal autophagy as a compensatory mechanism for protein turnover in A-T cells. Also, genotoxic stress (ultraviolet [UV] radiation) deregulates autophagy and induces aberrant degradation of ubiquitylated proteins in A-T cells. In the current study, we show that, as in A-T cells, ISG15 protein expression is elevated in cerebellums and various other tissues obtained from Atm-compromised mice in an Atm-allele-dependent manner (Atm þ/þ < Atm þ/À < Atm À/À ). Notably, in cerebellums, the brain part primarily affected in A-T, levels of ISG15 were significantly greater (3-fold higher) than cerebrums obtained from the same set of mice. Moreover, as in A-T cell culture, UV induces aberrant degradation of ubiquitylated proteins and autophagy in Atm-deficient, but not in Atm-proficient, cerebellar brain slices grown in culture. Thus, the ex vivo organotypic A-T mouse brain culture model mimics that of an A-T human cell culture model and could be useful for studying the role of ISG15-dependent proteinopathy in cerebellar neurodegeneration, a hallmark of A-T in humans.
INTRODUCTION
Ataxia telangiectasia (A-T) (Boder-Sedgwick/LouisBar syndrome) is a fatal hereditary childhood disease (1) (2) (3) (4) .
Ataxia (lack of voluntary muscle coordination) is the most devastating symptom among those seen in A-T patients, including slurred speech and telangiectasia (dilated blood vessels) (5) (6) (7) . Ataxia results from a progressive loss of the cerebellar neurons responsible for coordination of movement (8, 9) . Although cerebellar neurodegeneration is a hallmark of A-T, the reason for this pathology is not known. Thus, there is currently no means to slow the progression of neurodegeneration in A-T.
A-T results from loss-of-function mutations in the ataxia-telangiectasia mutated (ATM) gene that encodes ATM kinase, a key enzyme in the DNA repair pathway necessary for removal of DNA damage, and therefore maintaining physiological homeostasis, in normal cells (3, 10, 11) . When ATM kinase is dysfunctional, DNA repair is defective in all cell lineages of A-T patients, including terminally differentiated cells such as cerebellar neurons (7, 12) . Hence, accumulation of DNA damage due to defective DNA repair has been proposed to contribute to the cerebellar neurodegeneration associated with A-T (7, 12) . Other studies have emphasized that local oxidative stress in neurons may also contribute to neuronal degeneration in A-T (13) . However, whether defective DNA repair and/or oxidative stress are causally responsible for neurodegeneration in A-T remains unclear. Thus, new knowledge of the molecular mechanisms underlying neuronal cell death is needed for developing new drugs to treat/prevent neurodegeneration in A-T.
Defective protein turnover (proteinopathy) has been identified as a cause of neurodegeneration in several neurological diseases such as Parkinson, Huntington, Alzheimer, and amyotrophic lateral sclerosis (14) (15) (16) (17) . Similarly, our recent studies using cells from A-T patients have also identified interferon-stimulated gene 15 (ISG15) proteinopathy (ISG15-mediated defective protein turnover) as a new molecular mechanism that may play a significant role in neurodegeneration in A-T (18) . ISG15 is a 15 kDa ubiquitin-like protein (19, 20) . ISG15 is composed of 2 ubiquitin-like domains, each of which bears a striking similarity to ubiquitin and retains the canonical LRLRGG sequence required for conjugation of ubiquitin to intracellular targets (21, 22) . Like ubiquitin and other ubiquitin-like proteins, ISG15 is conjugated to its target proteins in an enzymatic cascade involving E1 (UbE1L), E2 (UbcH8), and E3 (HERC5, Efp, etc.) enzymes (23), a process known as ISG15 conjugation or ISGylation. ISG15 is thus found in free (24) and conjugated forms (23) , collectively referred to as the ISG15 pathway in the current manuscript. The ISG15 pathway is minimally expressed in normal cells and tissues (25) . However, it is constitutively expressed in most human cancers (25) as well as in A-T cells and brain tissues obtained from human A-T patients (18) . Free ISG15 is an immunomodulatory cytokine (24, 26) . Our group has demonstrated that conjugated ISG15, but not the free form, antagonizes targeted degradation by the ubiquitin pathway in human cancer and A-T cells (18) . Further studies from our group reveal that basal autophagy is activated as a compensatory mechanism for protein turnover in ubiquitin pathway-ablated A-T cells (27) . Genotoxic stress deregulates autophagy and induces aberrant degradation of polyubiquitylated proteins in A-T cells (27) . Silencing of the ISG15 gene restored ubiquitin and autophagy pathways, suggesting that elevated ISG15 is causally responsible for the proteinopathy observed in A-T cells. We hypothesize that constitutively elevated ISG15 induces proteinopathy and contributes to the neurodegeneration observed in A-T. The current study was undertaken to determine the feasibility of testing this hypothesis in a preclinical mouse model for human A-T disease (28) . We show that, as in human A-T cells, ISG15 protein expression is elevated in mice cerebellums and various other tissues in an Atm-allele-
In cerebellums, levels of ISG15 were much higher than those in cerebrums obtained from the same set of mice. Moreover, as seen in A-T cell culture, ultraviolet (UV) induces aberrant degradation of ubiquitylated proteins and autophagy in Atmdeficient, but not in Atm-proficient, cerebellar brain slices grown in culture. Thus, the ex vivo organotypic A-T mouse brain culture model mimics that of an A-T cell culture model and may be useful for mechanistic studies involving ISG15 proteinopathy in A-T neurodegeneration.
MATERIALS AND METHODS

Mice
Herzog et al generated ATM knockout mice by deleting a region of ATM that included exons 57 and 58 as described (28) . Animal studies were carried out in strict accordance with the recommendations in the Guide for the Care 
Mouse ISG15 Antibodies
Polyclonal antibodies were raised against purified mISG15 protein (a kind gift from Dr. Klaus-Peter Knobeloch, University of Freiburg, Freiburg, Germany) using customantibody services provided by Cocalico Biologicals, Inc., Reamstown, Philadelphia. These mISG15-specific antibodies recognized purified mISG15 but not ubiquitin in Western blot analysis, thus confirming its specificity to mISG15 protein (data not shown).
Processing and Detection of ISG15 in Mouse Tissues
For detecting ISG15 and its conjugates, frozen tissues were weighed, cut into small pieces, and placed in test tubes containing 50 mM Tris-HCl, pH 7.5, 4% SDS, and a protease inhibitor cocktail. Tissue samples were sonicated with a Tissue-Tearor (Biospec Products, Inc., Bartlesville, OK). Sonicated samples were immediately boiled for 10 minutes at 100 C, centrifuged at 13 000 g for 2 minutes, and equalized for protein concentration. Normalized samples were mixed with 6Â SDS Laemmli sample buffer and boiled again at 100 C for 10 minutes. Samples were then separated by 15% SDS-PAGE, transferred to a nitrocellulose membrane (Cat. No. 10600006, GE Healthcare, Pittsburgh, PA), and blocked in 5% milk. Immunoblot analysis was performed with mISG15 antibodies and visualized using SuperSignal West Dura Extended Duration Substrate (Cat. No. 34075, Thermo Fisher, Waltham, MA) and the BioRad VersaDoc Imaging System (BioRad, Hercules, CA) or Prime Western Blotting Detection Reagent (Cat. No. RPN2236, GE Healthcare, Pittsburgh, PA) and Amersham Imager A600 as indicated.
Organotypic Cerebellar Cultures to Analyze LC3 and Ubiquitinated Proteins
Organotypic brain slice cultures were prepared as described in (29) with some modifications. Briefly, mice, irrespective of gender, were anesthetized and decapitated. Cerebellums were removed immediately and placed in sterile ice-cold Hanks' Balanced Salt Solution-based (HBSS) medium (Cat. No. SH30268.01, Radnor, PA) containing 0.5% glucose (Cat. No. G7528, SigmaAldrich, St. Louis, MO). Brain meninges were carefully removed using a stereomicroscope. The cerebellums were cut into 400-mm-thick slices (unless otherwise specified) using a McIlwain Tissue Chopper (Ted Pella, Inc., Redding, CA). Cerebellar slices (randomly pooled from the 3 different animals where indicated) were then mounted on Millicell cell culture inserts (0.4 mm, 30 mm in diameter) (Cat. No. PICM03050, MilliporeSigma, St. Louis, MO) that had been soaked overnight in 6-well culture plates containing 1 ml of OPTI-MEM (Cat. No. 31985, Gibco, Waltham, MA) with 0.25% glucose, 25% HBSS (v/v), and 25% heat-inactivated horse serum (v/v) (Cat. No. 617683 Gibco). Inserts containing cerebellar slices were then placed back into the 6-well plates containing OPTI-MEM medium described above and incubated for 24 hours at 37 C in a humidified atmosphere of 5% CO 2 and 95% air. After 24 hours in culture, inserts were removed and exposed to UV light (150 mJ) using a BioRad GS Gene Linker UV Chamber. Inserts were then immediately placed in a cultured plate containing fresh OPTI-MEM without antibiotics. Seventy-two hours post-UV irradiation, cerebellar slices were placed in test tubes containing 50 mM Tris-HCl, pH 7.5, 4% SDS, and a protease inhibitor cocktail (100 ml/slice) (Cat. No. P8340, SigmaAldrich). Tissue samples were sonicated with a Tissue-Tearor (Biospec Products, Inc.). Sonicated samples were immediately boiled for 10 minutes at 100 C then centrifuged at 13 000g for 10 minutes. Clear supernatants containing equal protein were then mixed with 6Â Laemmli SDS sample buffer (3Â final concentration). Samples were boiled again, and proteins were separated by 15% SDS-PAGE. Immunoblotting analyses using anti-ubiquitin (a gift from Dr. Arthur Haas, Department of Biochemistry and Molecular Biology, LSUHSC-New Orleans) (Haas and Bright, 1985) or antiLC3 were carried out as described above.
Immunohistochemistry
Three hours post-UV radiation, slices were washed with phosphate buffer (PB) (2 Â 5 minutes) and fixed with 4% paraformaldehyde. Slices were then washed with PB containing 0.25% Triton-X-100, and blocked in Dulbecco's phosphatebuffered saline (PBS) (Cat. No. 14190-144, Gibco) containing 1Â poly-L-Lysine gelatin (20 mg/10 ml PB) (Cat. No. G1890, SigmaAldrich), and 0.25% Triton X-100 for 1 hour. Semipermeable membranes with slices were then cut from inserts and transferred into 6-well culture plates. Slices were immunostained with antiLC3 antibodies (Cat. No. M152-3, MBL International Corporation, Woburn, MA) (1:100 in blocking solution) for 18 hours at room temperature. After washing with PBS (2 Â 5 minutes), slices were incubated with AlexaFluor 488 goat antimouse IgG secondary antibody (1:100) (Cat. No. A11001, Invitrogen) for 1 hour. Slices were then washed with PBS and mounted on slides in antifade mounting medium with DAPI (Cat. No. P36935, Invitrogen) for nuclear staining. Images were taken using a 63Â oil immersion objective with a Leica DMRA2 upright microscope run through SlideBook software (Intelligent Imaging Innovations, Denver, CO).
Statistical Analysis
Statistical analysis was performed using GraphPad software.
RESULTS
ISG15 Is Elevated in Cerebellums Obtained
From Atm-Deficient Mice in an Atm-Allele-
Dependent Manner
We have previously shown that ISG15 is elevated in cerebellums obtained from Atm À/À when compared with Atm þ/þ mice (18) . We expanded these observations here. To test whether ISG15 expression is Atm-allele-dependent, we assessed ISG15 expression in cerebellums obtained from Atm þ/þ , Atm þ/À , and Atm À/À age-matched mice (2-monthsold). As shown in Figure 1A , ISG15 expression is elevated in cerebellums of Atm-compromised mice in an Atm-allele-dependent manner, that is, Atm þ/þ < Atm þ/À < Atm À/À . This observation was reproducible in distinct Atm þ/-and Atm À/À mice tested (Fig. 1A, lower panel) . In our hands, Atm À/À mice are scarcely available for experimentation for unclear reasons. Therefore, to confirm that ISG15 expression is indeed elevated in Atm-compromised compared with Atm-proficient mice, we tested ISG15 expression in readily available Atm þ/-(n ¼ 13) and Atm þ/þ (n ¼ 7) mice. As shown in the bar graph in Figure  1B , the level of ISG15 protein is significantly higher (35% increase) in the cerebellums obtained from Atm þ/À compared with Atm þ/þ mice. To further test whether elevated expression of ISG15 is cerebellum-specific, we assessed ISG15 expression in cerebellum and cerebrum tissues obtained from the same set of Atm þ/þ and Atm þ/-mice (3 mice each that are distinct from the ones shown in Fig. 1B) . When assessed together under identical experimental conditions (protein loading and Western blotting), consistent with the results shown in Figure  1A and B, ISG15 protein expression was elevated (15% increase) in cerebellums obtained from Atm þ/- (Fig. 1C , lanes 3 and 4) compared with Atm þ/þ mice (Fig. 1C, lanes 1 and 2) . In contrast, ISG15 expression was found to be much lower in cerebrums (Fig. 1C, lanes 5-8) compared with cerebellums (Fig.  1C, lanes 1-4) obtained from the same animals. Also, no apparent elevation in ISG15 protein expression was noted in Atm þ/À vs Atm À/À cerebrums. Like cerebellums, ISG15 expression was elevated in the lung, thymus, kidney, liver, and spleen tissues obtained from the same Atm-compromised animals (data not shown). Together, these results suggest that ISG15 expression is elevated in the cerebellum, and other organs, but not in cerebrums, in an Atm allele-dependent (Atm
These results agree with our previous human A-T cell culture findings that ISG15 expression is inversely proportional to ATM kinase levels (18) , and that ISG15 expression is lower in skin fibroblasts obtained from an A-T heterozygous father when compared with his A-T homozygous son (Supplementary Data Fig. S1 ).
UV Induces Degradation of Polyubiquitylated Proteins in Atm-Deficient Mouse Cerebellar Slices Grown in Ex Vivo Culture
Using a human A-T cell culture model, we have demonstrated that UV induces aberrant degradation of ubiquitinconjugated cellular proteins in ATM-deficient (A-T) cells. In contrast, UV-induced minimal degradation of ubiquitin conjugates in ATM-proficient cells (27) . To examine the reproducibility of these results, we established an organotypic cerebellar brain culture model as described in "Materials and Methods". We show that, as in A-T cells, UV (150 mJ) also induces degradation of ubiquitin-conjugated cellular proteins in Atm þ/À and Atm À/À organotypic cerebellar slices grown in ex vivo culture (Fig. 2, second and third panels) . In contrast, like ATMþ cells, no visible degradation of ubiquitin conjugates was seen in the UV-treated Atm þ/þ cerebellar slices (Fig. 2,  first panel) . The bar graph in Figure 2B shows the ratio between polyubiquitylated proteins and b-actin band intensities obtained in different experiments using Atm þ/-(n ¼ 11/4 experiments) and Atm þ/þ (n ¼ 6/3 experiments) mice.
Genotoxic Stress Activates Autophagy in Atm-Deficient Mouse Cerebellar Slices Grown in Ex Vivo Culture
The appearance of light chain 3 (LC3) and conversion of LC3-I to LC3-II are frequently used markers of autophagy induction in cells (30) . Using antiLC3 antibodies in immunostaining and Western blot analyses, we have previously demonstrated that UV induces autophagy in A-T cells (27) . To test whether UV also induces autophagy in A-T cerebellums, we examined the status of autophagy marker LC3 in Atm þ/þ and Atm þ/-cerebellar slices treated with UV in ex vivo culture. As shown in Figure 3A , like A-T cells, UV (150 mJ) led to a marked increase in LC3 staining and conversion of LC3-I to LC3-II measured 3 hours post-UV irradiation using Western blot analysis. The bar graph (Fig. 3A) shows the ratio between LC3 and b-actin band intensities obtained in 4 different experiments using Atm þ/-mice (n ¼ 8). We also monitored LC3 in Atm þ/-cerebellar slices exposed to UV in ex vivo culture by immunofluorescence staining. As shown in the lower panel of Figure 3B , UV treatment led to an increase in LC3 immunofluorescence in Atm þ/-cerebellar brain slices grown in ex vivo culture. Elevated levels of total LC3 and LC3-II forms in both Western blot and immunofluorescence analyses suggest that, as in A-T cells, UV induces autophagy in Atm þ/-cerebellar slices grown in ex vivo culture. Under the same conditions, UV also led to increased LC3 staining in Atm þ/þ cerebellar slices measured 3 hours post-UV irradiation using Western blot (Fig.  3C) and immunofluorescence (Fig. 3D) analyses. However, as evident from the bar graph (Fig. 3B) showing the ratio between LC3 and b-actin band intensities obtained in 3 different experiments (n ¼ 6), and a representative LC3 immunofluorescence image (Fig. 3D) , the extent of LC3 induction was much lower than that found in UV-treated Atm þ/-cerebellar slices. These results suggest that autophagy is induced but to a lesser extent in the Atm þ/þ cerebellum. Together, results shown in Figure 3 suggest that UV induces autophagy in Atmcompromised cerebellum compared with Atm-proficient cerebellum, and support our previous observations that UV induces autophagy in Atm-deficient cells when compared with Atm-proficient cells.
In summary, we show that like A-T cells, ISG15 is elevated in Atm-deficient mouse cerebellums. Moreover, as in A-T cell culture, UV induces aberrant degradation of ubiquitylated proteins and autophagy in Atm-deficient, but not in Atmproficient, cerebellar brain slices grown in culture. Thus, the ex vivo organotypic A-T mouse brain culture model mimics that of an A-T cell culture model and may be useful for mechanistic studies involving ISG15 proteinopathy in A-T neurodegeneration.
DISCUSSION
It has been well established that proteinopathy resulting from impairment of the ubiquitin and autophagy pathways leads to accumulation of toxic aggregates in brain cells in other neurological diseases (14) (15) (16) (17) . Accumulation of toxic proteins subsequently leads to neuronal cell death. However, the underlying etiology of the impairment of these protein turnover pathways is not known. Recent studies from our group reveal that aberrant expression of ISG15, an antagonist of the canonical ubiquitin pathway, induces proteinopathy in human A-T cells (18) . We have demonstrated that the elevated ISG15 pathway inhibits the canonical ubiquitin pathway (18) and that basal autophagy is activated as a compensatory mechanism of protein turnover in A-T cells (27) . Also, genotoxic stress (UV light) deregulates autophagy and induces aberrant degradation of ubiquitylated proteins in A-T cells (27) . On the basis of these results, we previously proposed that autophagy provides an alternate compensatory route for degradation of ubiquitylated proteins in A-T neuronal cells in response to ISG15-dependent ablation of proteasome-mediated degradation. Overactivation of this compensatory mechanism (eg postexposure to genotoxic stress, such as UV radiation) induces autophagic stress in neuronal cells leading to neurodegeneration in A-T patients (27) . The current study was undertaken to evaluate the feasibility of testing this hypothesis in an Atm-knockout mouse model. Ex vivo organotypic cell culture models have been exploited to identify important clues about the mechanisms of neurodegeneration in other neurological diseases, including A-T (29). In the current study, we established an ex vivo Atm mouse cerebellar culture model to validate our A-T cell culture findings on proteinopathy. We show that the Atm organotypic mouse model, in part, mimics our previously described A-T cell culture model. We demonstrate that, as in A-T cells, ISG15 is elevated and genotoxic stress (UV) induces proteinopathy in A-T mouse cerebellar slices grown in ex vivo culture. However, whether elevated ISG15 is causally responsible for inducing proteinopathy in Atm-deficient cerebellar slices is still unclear and requires further investigation.
Although our results clearly show evidence of defects in protein turnover in mouse Atm-deficient cerebellums, Atm knockout mice do not indicate obvious proteinopathy and neuropathology (28, 31, 32) . On the other hand, our previous human cell culture studies and current data using mouse brains have revealed that genotoxic stressors (e.g. UV) induce proteinopathy in A-T. On the basis of these results, we suggest that Atm-null mice do not show proteinopathy and neuropathology because they are minimally exposed to environmental stressors inside the animal facility. Alternatively, A-T patients are regularly exposed to environmental genotoxic agents, such as sunlight, viral infections, high temperature, and humanmade mutagenic chemicals during their day-to-day lives and hence show proteinopathy and neuronal ataxia phenotypes. Further experimentation to test whether UV induces proteinopathy and neurodegeneration in in vivo (live mice) will reveal the reason for the lack of neuropathology in Atm mice in the laboratory setting.
Another observation worth noting from the current study is that ISG15 is elevated in cerebellums, but not in cerebrums, obtained from Atm-deficient mice. This observation is of importance as cerebellar, but not cerebral, neurons are affected in A-T patients. During this study, we performed experiments to test whether, like the cerebellum, UV induces proteinopathy in cerebrum slices in ex vivo culture. In these experiments, UV did not induce degradation of polyubiquitylated proteins in cerebrum slices obtained from Atm þ/þ and Atm þ/-mice in ex vivo culture (Supplementary Data Fig. S2 ). This data implicates that, as hypothesized, elevated ISG15 may be causally , and Atm -/-(third panel) mice were prepared as described in "Materials and Methods". Brain slices from 2 to 3 different mice were pooled, and randomly chosen brain slices were used for every experiment. Brain slices were either left untreated or exposed to UV (150 mJ) and allowed to recover for 24 hours. Tissue lysates were then prepared as described in Figure 1 . Lysates were analyzed via Western blotting analysis using an anti-ubiquitin antibody. (B) The bar graph shows the ratio between polyubiquitinated proteins and b-actin from 3 distinct experiments. All control values (-UV) were normalized to 100%, and values for experimental treatments are expressed as percent variations over control. Error bars represent þ/-SEM. responsible for proteinopathy in the cerebellum. However, this needs further experimentation.
In the current study, we show that Atm heterozygous mice have lower ISG15 expression compared with homozygous Atm mice. Similarly, we have found lower expression of ISG15 in a clinically unaffected heterozygous A-T patient compared with his clinically affected homozygous A-T son ( Supplementary  Data Fig. S1 ). It is possible that a small amount of functional ATM kinase may be sufficient to reduce ISG15 expression and consequently evoke stress-induced ISG15-mediated proteinopathy and associated phenotypes in Atm heterozygous mice and A-T patients. A-T heterozygous patients indeed show less severe A-T phenotypes when compared with classic disorders (33) . Since both ATM kinase null human patients and mice have elevated ISG15 expression in brains and are vulnerable to genotoxic stressors ((27) and current study), a complete understanding of the functional impact of ISG15-mediated proteinopathy in response to genotoxic stress in preclinical Atm À/À human or mouse models is warranted. However, such studies are impractical to conduct in human patients, and Atm À/À mice are scarcely available for experimentation due to embryonic lethality. Nevertheless, our results demonstrating that ISG15 is elevated and that forced genotoxic stress induces proteinopathy in Atm þ/-cerebellar slices grown in ex vivo culture suggest that an Atm þ/-ex vivo model may be useful for studying the role of ISG15 proteinopathy in human A-T brain pathology.
In summary, the organotypic cerebellar culture model of A-T described in the current study may be useful for studying ) and Atmþ/þ (panel C) mice were prepared as described in "Materials and Methods". Slices were then exposed to UV (150 mJ) and allowed to recover for 3 hours. Tissue lysates were prepared as described in Figure 1 . Lysates were analyzed via Western blot analysis using LC3 and b-actinspecific antibodies. Intensities of the LC3 and corresponding b-actin bands were quantitated using BioRad Quantity One software. Levels of LC3, calculated as a ratio between band intensities of LC3 (I and II) and b-actin from 4 (A) and 3 (C) independent experiments are shown in a bar graph. Error bars represent þ/-SEM. (B, D) Immunofluorescence analysis using antiLC3 antibodies on untreated and UV-treated cerebellar brain slices was carried out as described in "Materials and Methods". Several images were taken using a 63Â oil immersion objective with a Leica DMRA2 upright microscope run through SlideBook software (Intelligent Imaging Innovations). Immunofluorescence analysis was performed twice, and representative images are shown. Scale bars: 10 lM.
the involvement of ISG15 proteinopathy in neurodegeneration and can also be helpful in screening pharmacological compounds to stop/prevent these anomalies.
